MOCP (maternal obstructive cholestasis during pregnancy) induces a reversible impairment in bile formation in young rats born to these mothers. The aim of the present study was to gain information on the effects of MOCP on the maturation of pathways involved in protein secretion into bile in young (4-week-old) rats. The amount of hepatic α-tubulin and the structure of the microtubular network were apparently not affected by MOCP. HRP (horseradish peroxidase) was used as a model protein, and its secretion into bile after administration through the jugular vein was measured. In adult (8-week-old) rats, two peaks of HRP output into bile were observed following administration: an early peak presumably due to paracellular transfer, and a late peak presumably due to transcytosis. In young rats (4 weeks old), the early peak was similar to that of adult animals, and was not affected by MOCP. However, the late peak was markedly smaller in young control rats, and was further reduced by MOCP. Brefeldin A decreased, whereas taurocholate did not change, the early peak, whereas both affected the transcytotic transport of HRP. Brefeldin A delayed HRP secretion (similarly in control and MOCP groups), without affecting cumulative output, whereas taurocholate accelerated the transcytotic transport of HRP in the control group, but not in the MOCP group. These results suggest that MOCP affects the maturation of hepatocyte mechanisms involved in the transcytotic secretion of HRP into bile.
INTRODUCTION
MOCP (maternal obstructive cholestasis during pregnancy) in the rat, provoked during the final third of pregnancy, induces a latent and reversible impairment in hepatobiliary function of the offspring [1, 2] . MOCP does not affect the fetal/neonatal expression of the basolateral bile acid transporters, Ntcp and Oatp1 [3] , or the functional characteristics of ATP-dependent bile acid transport across the canalicular membrane [4] . In contrast, the presence of multilamellar bodies within the bile canaliculi may cause partial intrahepatic obstruction that may contribute to prevent bile acid-induced bile formation [1] . Although the generation of these structures due to the accumulation in the canaliculi of phospholipidrich material cannot be ruled out, multilamellar bodies are also present within the cells near the Golgi apparatus and in the pericanalicular area [2] , which suggests the existence of an intracellular alteration.
The vesicular TransCP (transcellular pathway) is a major route for protein transfer from blood to bile. Moreover, the hepatocyte machinery used in the TransCP is similar in part to that responsible for the insertion/ retrieval of canalicular membrane carriers involved in the biliary secretion of bile acids, phospholipids and cholesterol [5, 6] . Because intracellular vesicular traffic is highly dependent on microtubules, one possible hypothesis to explain the findings in litters born to cholestatic rats could be the existence of alterations in the structure and/or function of the hepatocyte cytoskeleton. To investigate the integrity of TransCP, endocytosed fluidphase markers, such as HRP (horseradish peroxidase), have been used extensively [7, 8] . HRP is a 40 kDa exogenous, non-toxic protein whose concentration is easy to determine because of its enzymic activity. In the adult rat liver, the microtubule-dependent transcytotic pathway accounts for an important fraction of the bloodto-bile transport of HRP. However, HRP also reaches the canaliculus through the paracellular pathway (ParaCP), which is detected as a smaller peak that precedes the appearance of HRP due to transcytotic transit [9, 10] .
In the present study, the effects of MOCP on mechanisms accounting for HRP secretion into bile in the offspring were investigated. Moreover, the effects of inhibition of the TransCP by a microtubule-independent mechanism using BFA (brefeldin A) [11] and of the TC (taurocholate)-induced stimulation of the microtubuledependent TransCP [12] [13] [14] [15] were investigated.
Part of this work has been published in abstract form [15a] .
MATERIALS AND METHODS

Chemicals
BFA, HRP, colchicine, 3α-hydroxysteroid dehydrogenase, protease inhibitor cocktail and sodium TC (> 95 % pure by TLC) were purchased from SigmaAldrich (Madrid, Spain). Monoclonal antibodies against chick embryo brain α-tubulin and extrAvidin-Cy3 conjugate were purchased from Sigma. Anti-mouse IgG biotinylated antibody was from Vector Laboratories (Burlingame, CA, U.S.A.). Anti-(mouse IgG) horseradish peroxidase-linked antibody and enhanced chemiluminescence reagents were from Amersham Pharmacia Biotech (Freiburg, Germany). All other chemicals were from Merck Eurolab (Barcelona, Spain).
Experimental protocol
In adult rats, for the evaluation of the ParaCP and TransCP for protein secretion into bile, as measured by the magnitude of the early peak and the late peak of HRP output into bile, clearer and 'cleaner' results are obtained using the isolated single-pass perfused rat liver than in 'in vivo' experiments. Unfortunately, with 4-week-old rats the viability of isolated liver preparations was not maintained for long enough to perform these studies (results not shown). We were therefore forced to carry out the study on anaesthetized animals.
Pregnant Wistar CF rats (Animal House, University of Salamanca, Spain) and their offspring were used. Sham operation or complete obstruction of the common bile duct was carried out on day 14 of pregnancy [1] . Litters born to sham-operated rats (control group) or to cholestatic mothers (MOCP group) were weaned on day 21 and used in the experiments described below at 4 or 8 weeks of age under sodium pentobarbital (Nembutal N. R.; Abbot, Madrid, Spain) anaesthesia (5 mg/100 g body weight; intraperitoneal). Body temperature, as recorded by a rectal probe, was maintained at 37 + − 0.5
• C throughout the experiments. A polyethylene catheter was placed into the common bile duct to collect bile samples, and another was placed into the left jugular vein for drug administration. After an equilibration period of 15 min, bile was collected into preweighed vials. After the collection of two 10 min bile samples, a bolus of HRP (0.5 mg/100 g body weight dissolved in 0.5 ml of 150 mM NaCl) was injected intravenously over a 60 s interval, and bile samples were collected over the subsequent 80 min. At the end of the experimental period, the animals were killed by exsanguination. Livers were removed and weighed.
Different experimental designs (doses and administration schedules) were used in order to obtain the maximal effect of each drug assayed. BFA was dissolved in DMSO and diluted appropriately with 150 mM NaCl before intraperitoneal injection of 2 µmol/100 g body weight, 60 min before administration of the HRP bolus. This dose was selected based on preliminary experiments, and was the lowest one found to induce effects on biliary HRP output in young control rats (results not shown). No effect of vehicle was observed in separate experiments (results not shown).
In TC experiments, a continuous intravenous infusion of 0.75 µmol of TC · min −1 · 100 g −1 body weight (30 µl/min; dissolved in 150 mM NaCl) was performed from 60 min before administration of the HRP bolus up to the end of the experimental period. This infusion rate was selected on the basis of previous studies on stimulation by TC of HRP transcytosis in adult rats [13] , and was below the maximal secretory rate in 4-week-old rats from both the control and MOCP groups [1] .
Immunohistochemical and immunoblotting studies
In rats under pentobarbital anaesthesia, livers were perfused through the portal vein with PBS (140 mM NaCl, 10 mM sodium phosphate, pH 7.4) and were then fixed with PBS containing 4 % (v/v) paraformaldehyde. Since microtubules disassemble rapidly at low temperatures, all perfusion fluids were maintained at 37
• C, and afterwards all procedures were performed at room temperature and completed within a 24 h period. Liver sections of 40 µm obtained using a vibratome (Leica VT 1000M, Heidelberg, Germany) were washed with PBS, permeabilized with 0.1 % Triton X-100 in PBS, and incubated first with the anti-α-tubulin antibody and subsequently with the anti-(mouse IgG) biotinylated antibody and the extrAvidin-Cy3 conjugate. Sections were mounted on glass slides, covered with a coverslip plus mounting medium and refrigerated in the dark prior to examination during the subsequent 48 h. Confocal microscopy was performed using a Leica confocal laser scanning microscope (Leica Microsystems TCS SPII). Liver sections obtained from animals that had received colchicine (intraperitoneal; 0.25 mg/100 g body weight, dissolved in 0.5 ml of 150 mM NaCl) 8 h earlier were used as positive controls for disruption of the microtubular network in the liver [16] .
For immunoblotting analysis, liver homogenates were prepared in 250 mM sucrose, 10 mM MgCl 2 , 0.2 mM Hepes/Tris, pH 7.4, and 1 % protease inhibitor cocktail. Preparations were denatured at 100
• C for 5 min and electrophoresed on SDS/7.5 %-polyacrylamide gels (25 µg of protein/well) under reducing conditions on a Bio-Rad Mini Gel apparatus (Bio-Rad, Madrid, Spain), followed by transfer to a nitrocellulose membrane (Bio-Rad). Blots were probed using the anti-α-tubulin antibody. A peroxidase-linked goat anti-(mouse IgG) secondary antibody was used, and detection was accomplished by enhanced chemiluminescence.
Analytical and statistical methods
Bile flow was determined gravimetrically, assuming bile density to be 1 g/ml. The concentration of 3α-hydroxy bile acids in bile was measured enzymically, using 3α-hydroxysteroid dehydrogenase [17] . The concentrations of HRP in bile were determined spectrophotometrically by measuring its peroxidase activity [18] .
Results are expressed as means + − S.E.M. To calculate the statistical significance of differences, the Student t test or the Bonferroni method of multiple range testing were used as appropriate.
RESULTS
Biliary HRP secretion under basal conditions
In control rats, when corrected for liver weight, bile flow (2.3 + − 0.3 compared with 1.5 + − 0.2 µl · min −1 · g −1 liver; P < 0.05) and bile acid output (88 + − 11 compared with 42 + − 5 nmol · min −1 · g −1 liver; P < 0.05) were higher in young (4 weeks old) than in adult (8 weeks old) animals. Similar differences were maintained between In rats born to healthy mothers, HRP was secreted into bile as two major peaks ( Figure 1A ). The early peak, which is thought to be due to transfer across the ParaCP [9] , was apparent by 10 min, and reached similar levels in 4-week-old and 8-week-old animals. The late peak, which is believed to depend on the TransCP [8, 9] , appeared in adult (8-week-old) rats 35 min after HRP injection. This latter peak was significantly greater in adult than in juvenile (4-week-old) rats. In control young animals, the late peak appeared at 25 min and its magnitude was similar to that of the early peak. These differences accounted for a lower cumulative HRP output in control young animals as compared with adults ( Figure 1B) . A small but significant decrease in cumulative biliary HRP output was observed in the MOCP group compared with control rats of the same age ( Figure 1B) . The shape of the time-course plot suggests that this decrease is accounted for mainly by a smaller late peak in MOCP group ( Figure 1A) .
Immunohistochemical studies
The amount of α-tubulin in liver homogenates from the control and MOCP groups did not differ (Figure 2 ). The study of the integrity of the hepatocyte microtubular Hepatic α-tubulin content was determined by immunoblot analysis using a monoclonal anti-α-tubulin antibody in three liver homogenates from control 4-week-old rats and three liver homogenates from 4-week-old rats born to cholestatic mothers (MOCP). RIOD, relative integrated optic density. Values are means + − S.D.; N.S., P > 0.05 when comparing the control with the MOCP group (Student's t test).
Figure 3 Microtubular network in hepatocytes
Immunofluorescence studies were performed by scanning confocal microscopy using a monoclonal anti-α-tubulin antibody. network (Figure 3) showed the typical extensive and delicate system of microtubules throughout the hepatocytes, the density and organization of which were apparently similar in livers from animals of the control ( Figure 3A ) and MOCP ( Figure 3B ) groups.
To confirm that any changes that might occur in microtubular structure could be observed clearly, this study was also performed in animals treated with colchicine, an agent that is known to induce microtubular disassembly [16] . Indeed, pretreatment with colchicine resulted in profound disruption of the microtubular
Figure 4 Effects of BFA on biliary HRP secretion
The effects of treatment with BFA (2 µmol/100 g body weight at − 60 min) on the time course of (A) and cumulative (B, time course corrected for liver weight; C, calculated for whole liver over the 80 min of the experimental period) biliary HRP output after intravenous injection of a HRP bolus (0.5 mg/100 g body weight at min 0) in 4-week-old rats born to healthy (control) or cholestatic (MOCP) mothers are shown. Values are means + − S.E.M. No significant differences (P > 0.05) were found on comparing the control + BFA (n = 7) and MOCP + BFA (n = 7) groups by Student's t test. network in livers from both control ( Figure 3C ) and MOCP ( Figure 3D ) rats.
Effects of BFA and TC
Treatment with BFA had no significant effect on bile flow or bile acid output in either the control or the MOCP group (results not shown). In contrast, the early output of HRP into bile was reduced similarly in animals from both groups treated with BFA ( Figure 4A ). Moreover, in both groups BFA induced a similar delay in the late peak of biliary HRP output ( Figures 4A and 4B) . However, no significant change in cumulative HRP output into bile over the 80 min of the experimental period was observed ( Figure 4C ).
As expected, TC administration induced a significantly more marked stimulation of bile flow (761 + − 86 compared with 589 + − 35 µl/80 min; P < 0.05) and bile acid output (43 + − 6 compared with 30 + − 3 µmol/80 min; P < 0.05) in the control than in the MOCP group. Moreover, in spite of the fact that the early secretion of HRP into bile was not affected (Figure 5A ), the late peak of HRP output was accelerated in control but not in MOCP animals ( Figures 5A and 5B) . Moreover, cumulative biliary HRP output under TC stimulation was also lower in MOCP than in control rats ( Figure 5C ).
DISCUSSION
Protein secretion into bile through the ParaCP and the TransCP is strongly dependent on the integrity of the hepatocyte cytoskeleton [7, 19] . Our results indicate that organization of the liver parenchymal tubulin network was apparently not altered in the offspring of rats with MOCP, and that biliary HRP output was only slightly reduced in this group under basal conditions. This is consistent with previous studies with this model, in which biliary function seemed to be normal as far as this was not challenged by bile acid administration [1] . Several mechanisms are known to co-operate in the transfer of HRP from blood to bile, including (i) basolateral uptake by endocytosis; (ii) direct transcellular traffic to the canaliculus or indirect traffic in which HRP vesicles can interact with lysosomes, and (iii) fusion of vesicles with the canalicular membrane, followed by exocytosis. In the isolated perfused rat liver, the secretion of exogenous HRP into bile has been shown to be biphasic, with an early peak appearing approx. 5 min after injection and a larger late peak that appears 20-40 min after the first one [9] . The early peak, which co-incides with the output of co-administered inulin or sucrose into bile, is believed to reflect the magnitude of paracellular permeability through tight junctions, although a contribution to this early secretion by rapid colchicine-insensitive vesicular transcytotic transport has also been suggested [12] . The late peak co-incides with the appearance in bile of co-infused polymeric IgA and is believed to be due to the transcytotic colchicinesensitive vesicular pathway. Several cholestatic conditions are accompanied by perturbations in both ParaCP and TransCP [10, 20] .
The specific amounts and function of Bsep and Mrp2 in the canalicular membrane increase in response to TC [5] . The mechanism involves increased recruitment of these carriers from the Golgi to the canalicular membrane by a microtubular vesicular trafficking system. The phosphatidylinositol 3-kinase pathway plays a critical role in the intracellular trafficking of canalicular ABC transporters and in its response to TC [21] . Moreover, many intracellular components, including ATP, Ca 2+ , numerous GTPases, microtubules, cytoplasmic motors and other unknown factors, are required for the physiological regulation of ABC transporter traffic from the Golgi to the canalicular membrane [5] . Defects in this complex system are postulated to produce an 'intrahepatic traffic jam' that results in defective ABC transporter function in the canalicular membrane and, consequently, in cholestasis.
BFA has become a valuable tool in the study of the secretory TransCP, because its mechanism of action is different from that of agents altering microtubule structure, such as colchicine [16] , or inhibiting microfilaments, such as cytochalasin D or phalloidin [11, 16] . BFA causes a retrieval of the Golgi complex to the endoplasmatic reticulum through selective inhibition of the binding of a peripheral 110 kDa protein (β-clathrin coat protein; β-COP) to Golgi membranes, thus blocking the anterograde transport mediated by these vesicles [22, 23] . In isolated perfused adult rat livers, BFA induces a marked decrease in HRP output by inhibiting TransCP [11] . In intact control juvenile animals, we have also found in the present study that BFA induces a delay in HRP secretion through the TransCP, without affecting its cumulative output over 80 min. Because this effect was similar in the offspring of mothers with MOCP, it might be suggested that the sensitivity to BFA of Golgi-dependent protein transfer towards bile canaliculi is already present at 4 week of age in the rat and that this is not affected by MOCP.
However, MOCP did affect other aspects of TransCP, as was shown when this was stimulated by TC. Multiple factors may be involved in the ability of some bile acid species to accelerate HRP output into bile both in the intact rat [13, 24] and in the isolated perfused liver [12] . However, although short exposure to bile acids may stimulate the TransCP, maintained elevated levels of bile acids could inhibit the activity of microtubule-based motor proteins [25] , resulting in the reported impairment of microtubule-dependent vesicular transport during cholestasis [26, 27] . Similarly, owing to the continuous exposure to high levels of bile acids that occurs during foetal liver development in the MOCP group [1] , a certain degree of chronic inhibition of motor mechanisms responsible for vesicle movement along microtubules may exist. This could result in the refractiveness of the transfer of HRP through the TransCP to stimulation by exogenous TC that was observed in the MOCP group. Additionally, the lack of sensitivity of TransCP may also limit the TC-induced insertion of the bile acid export pump in the canalicular membrane [5] , and hence account for the lower enhancement of bile acid output, and consequently bile flow, that was observed in MOCP rats treated with TC.
In summary, the present results indicate that MOCP, which results in chronic exposure to high levels of bile acids during the final period of gestation and lactation of the foetuses and neonates respectively, does not affect overall cytoskeleton structure in the hepatocytes of the offspring, but it does reduce the function of mechanisms involved in protein secretion into bile. Since transcytosis shares common steps with the exocytic insertion of canalicular transporters crucially involved in bile formation, these alterations may affect indirectly this latter process and, if so, may play a role in the transient, latent cholestasis that is present during postnatal life in juvenile rats born to cholestatic mothers.
